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SIMULTANEOUS PHYSIOLOGICAL
SENSING AND STIMULATION WITH
SATURATION DETECTION

BACKGROUND

Patients afllicted with movement disorders or other neu-
rodegenerative impairment, whether by disease or trauma,
may experience muscle control and movement problems,
such as rigidity, bradykinesia (i.e., slow physical move-
ment), rhythmic hyperkinesia (e.g., tremor), nonrhythmic
hyperkinesia (e.g., tics) or akinesia (1.e., a loss of physical
movement). Movement disorders may be found 1n patients
with Parkinson’s disease, multiple sclerosis, and cerebral
palsy, among other conditions. Delivery of electrical stimu-
lation and/or a fluid (e.g., a pharmaceutical drug) by a
medical device to one or more sites 1n a patient, such as a
brain, spinal cord, leg muscle or arm muscle, in a patient
may help alleviate, and 1n some cases, eliminate symptoms
associated with movement or other nervous disorders.

During a programming session, which may occur during
implant of the medical device, during a trial session, or
during a follow-up session after the medical device is
implanted 1n the patient, a clinician may generate one or
more therapy programs that provide eflicacious therapy to
the patient, where each therapy program may define values
for a set of therapy parameters. A medical device may
deliver therapy to a patient according to one or more stored
therapy programs. In the case of electrical stimulation, the

therapy parameters may define characteristics of the elec-
trical stimulation waveform to be delivered. Where electri-
cal stimulation 1s delivered 1n the form of electrical pulses,
for example, the parameters may include an electrode com-
bination, an amplitude, which may be a current or voltage
amplitude, a pulse width, a pulse shape, and a pulse rate.

The sensing and monitoring of electrical signals from the
patient’s nervous system can be an important aspect of
therapeutic and diagnostic procedures. However, such sens-
ing and monitoring presents challenges. Neurological bio-
clectrical signals have relatively small magnitudes com-
pared to those in other areas of the body, such as cardiac
signals, for example. Accordingly, these signals are typically
amplified for analysis. However, the application of electrical
stimulation obscures these neurological bioelectrical signals
during the application of the stimulation. For example,
saturation of the amplifiers results, thereby rendering the
sensed signal unreliable. As a result, bioelectrical signals are
not typically measured during stimulation. Instead, sensing,
clectrodes are often blocked during stimulation and re-
cnabled after stimulation 1n an attempt to observe the eflect
of the stimulation pulse. However, such blocking and re-
enabling practice can result in missing useful mmformation
that occurs during the stimulation itself.

SUMMARY

Aspects of the present disclosure are generally directed to
systems and methods for interfacing with a patient. Methods
can include receiving a sense signal from a patient. The
sense signal may be processed to produce a process signal.
Methods may include momitoring at least one reliability
signal indicative of the reliability of the sense signal or
processed signal. In some examples, in the event that the
reliability signal meets at least one predetermined criterion,
the method includes performing at least one action to
improve the reliability of the sense signal or processed
signal.
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In some examples, methods can include applying a test
tone signal with frequency content comprising a test fre-
quency. Methods can include monitoring the magmtude of
the test frequency 1n the sense signal or processed signal and
comparing the magnitude of the processed signal to a
threshold. In some such examples, the reliability signal may
include the magnitude of the test frequency 1n the processed
signal or sense signal.

Some methods can include applying a stimulation signal
comprising a stimulation frequency. The stimulation signal
may be applied simultaneously with receiving a sense sig-
nal, and 1n some examples, both may be performed simul-
taneously with applying a test tone signal. In some
examples, the stimulation frequency, the test frequency, and
the frequency content of signals of interest in the sense
signal are distinct. For example, in some methods, the
stimulation frequency may be within a first frequency band,
signal of interest may include frequency content within a
second band separate from the first, and the test frequency
may be outside of both of the first and second frequency
bands.

Systems according to embodiments of the disclosure may
include a processor and a plurality of electrodes for inter-
facing with a patient. In some examples, the processor may
be configured to provide one or both of a stmulation signal
and a test tone signal to the patient via one or more
clectrodes. The system can include at least one sense elec-
trode configured to receive a sense signal from the patient.
In some examples, the system includes an amplifier for
amplifying the sense signal and a processor configured to
receive an amplified signal from the amplifier. The processor
can be configured to determine the magnitude of the test
frequency 1n the amplified signal and compare the magni-
tude to a threshold. If the magnitude falls below the thresh-
old, the processor may be configured to lower the gain of the
at least one amplifier. In some systems, the stimulation
signal and test tone signal may be applied simultaneously
while recerving a sense signal. In some examples, the test
tone signal may be applied during a sensing procedure
without stimulation being applied. Systems may include
additional or alternative components to a test tone for
determining the reliability of a sensed or processed signal.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 15 a conceptual diagram 1llustrating an example of
a deep brain stimulation (DBS) system.

FIG. 2 1s a functional block diagram illustrating compo-
nents of an example medical device.

FIG. 3 1s an example spectrogram of a bioelectrical brain
signal sensed within a brain of a patient.

FIG. 4 1s a conceptual power spectral density plot of
bioelectrical signals 1n a DBS system in which saturation 1s
present.

FIG. 5§ 1s a conceptual power spectral density plot of
bioelectrical signals in a DBS system Iree from saturation.

FIG. 6 1s a flow diagram illustrating an exemplary tech-
nique for detecting and addressing saturation 1n a DBS
system.

DETAILED DESCRIPTION

FIG. 1 1s a conceptual diagram 1llustrating an example
nervous interface system 10 that electrically interfaces with
the nervous system of a patient. In some examples, the
nervous 1nterface system 10 includes a therapy system that
delivers therapy to control a patient condition, such as a
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movement disorder or a neurodegenerative impairment of
patient 12. In other examples, the interface system 10 can be
used as a diagnostic instrument for receiving electrical
signals from the nervous tissue of the patient 12. Patient 12
ordinarily will be a human patient. In some cases, however,
therapy system 10 may be applied to other mammalian or
non-mammalian non-human patients. While movement dis-
orders and neurodegenerative impairment are primarily
referred to herein, in other examples, therapy system 10 may
provide therapy to manage symptoms of other patient con-
ditions, such as, but not limited to, seizure disorders, neu-
rodegenerative impairment or psychological disorders.

A movement disorder or other neurodegenerative impair-
ment may include symptoms such as, for example, muscle
control impairment, motion impairment or other movement
problems, such as rigidity, bradykinesia, rhythmic hyperki-
nesia, nonrhythmic hyperkinesia, and akinesia. In some
cases, the movement disorder may be a symptom of Par-
kinson’s disease. However, the movement disorder may be
attributable to other patient conditions.

The imterface system 10 includes medical device pro-
grammer 14, implantable medical device (IMD) 16, lead
extension 18, and leads 20A and 20B with respective sets of
clectrodes 24, 26. In the example shown 1n FIG. 1, elec-
trodes 24, 26 of leads 20A, 20B are positioned to interface
with a tissue site within brain 28, such as a deep brain site
under the dura mater of brain 28 of patient 12. In some
examples, electrodes can be configured to interface with one
or more regions of brain 28, such as the subthalamic nucleus,
globus pallidus or thalamus. Stimulation system can be
configured to deliver electrical stimulation to such regions,
which may be an effective treatment to manage movement
disorders, such as Parkinson’s disease. It will be appreciated
that 1n further examples, interface system 10 can be posi-
tioned to interface with a nervous tissue site 1 a region
separate from the patient’s brain, or with other physiological
systems of the patient such as the muscular system.

In the 1llustrated embodiment, IMD 16 includes a therapy
module that includes a stimulation generator that may gen-
erate and deliver electrical stimulation therapy to patient 12
via a subset of electrodes 24, 26 of leads 20A and 20B,
respectively. The subset of electrodes 24, 26 that are used to
deliver electrical stimulation to patient 12, and, 1n some
cases, the polanty of the subset of electrodes 24, 26, may be
referred to as a stimulation electrode combination. It will be
appreciated that in other embodiments, such as 1n an exem-
plary diagnostic instrument, IMD 16 need not include a
therapy module.

The IMD 16 can include a sensing module 46 configured
to sense bioelectrical or other electrical signals within the
brain 28 via a subset of electrodes 24, 26 of leads 20A and
20B, respectively. While two leads 20A, 20B are shown 1n
the 1llustrated embodiment, 1t will be appreciated that
embodiments of the invention are not limited to two leads,
but may include any appropriate number of leads. For
example, various embodiments can include a single lead
having a plurality of electrodes or a plurality of leads each
having at least one electrode. Generally, each lead of a
plurality of leads need not include the same number of
electrodes. The subset of electrodes 24, 26 that are used to
sense such signals within the brain 28 may be referred to as
sense electrodes, a sense electrode combination, or at least
one sense electrode. Examples of bioelectrical brain signals
include, but are not limited to, electrical signals generated
from local field potentials within one or more regions of
brain 28, an electroencephalogram (EEG) signal or an
electrocorticogram (ECo(G) signal.
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In stimulation systems, electrical stimulation generated by
IMD 16 may be configured to manage a variety of disorders
and conditions. In some examples, the stimulation generator
of IMD 16 1s configured to generate and deliver electrical
pulses to patient 12 via electrodes of a selected stimulation
clectrode combination. However, in other examples, the
stimulation generator of IMD 16 may be configured to
generate and deliver a continuous wave signal, €.g., a sine
wave or triangle wave. In either case, a signal generator
within IMD 16 may generate the electrical stimulation
therapy for DBS according to a therapy program that 1s
selected at that given time 1n therapy. In examples 1n which
IMD 16 delivers electrical stimulation 1n the form of stimu-
lation pulses, a therapy program may include a set of therapy
parameter values, such as a stimulation electrode combina-
tion for delivering stimulation to patient 12, pulse frequency,
pulse width, and a current or voltage amplitude of the pulses.
As previously indicated, the stimulation electrode combina-
tion may indicate the specific electrodes 24, 26 that are
selected to deliver stimulation signals to tissue of patient 12
and the respective polarity of the selected electrodes.

In some examples, stimulation signals can include signal
components located within one or more frequency ranges
(e.g., within a first frequency band). In some examples, the
stimulation signals can include components 1 multiple
frequency bands. For instance, a signal having a component
with frequency F may comprise signal components having
frequencies at one or both of harmonics and sub-harmonics
of F. In some embodiments, the stimulation signal can
include components located within a first frequency range.
In some such examples, the first frequency range may
include any combination of a primary stimulation frequency,
one or more harmonics, and one or more sub-harmonics.
Additionally or alternatively, the first frequency range may
include first frequency ranges, wherein the frequency con-
tent of a signal may include components in one or more
overlapping or disjoint ranges.

In various embodiments, IMD 16 may be implanted
within a subcutaneous pocket above the clavicle, or, alter-
natively, the abdomen, back or buttocks of patient 12, on or
within cranium 32 or at any other suitable site within patient
12. Generally, IMD 16 1s constructed of a biocompatible
maternal that resists corrosion and degradation from bodily
flmids. IMD 16 may comprise a hermetic housing to sub-
stantially enclose components, such as a processor, therapy
module, and memory.

Implanted lead extension 18 i1s coupled to IMD 16 via
connector 30. In the example of FIG. 1, lead extension 18
traverses from the implant site of IMD 16 and along the neck
of patient 12 to crantum 32 of patient 12 to access brain 28.
In the example shown in FIG. 1, leads 20A and 20B
(collectively “leads 207") are implanted within the right and
lett hemispheres, respectively, of patient 12 in order deliver
clectrical stimulation to one or more regions of brain 28,
which may be selected based on the patient condition or
disorder controlled by therapy system 10. Other lead 20 and
IMD 16 implant sites are contemplated. For example, IMD
16 may be implanted on or within cranium 32, in some
examples. Or leads 20 may be implanted within the same
hemisphere or IMD 16 may be coupled to a single lead.

Although leads 20 are shown in FIG. 1 as being coupled
to a common lead extension 18, in other examples, leads 20
may be coupled to IMD 16 via separate lead extensions or
directly to connector 30. In an exemplary stimulating system
interfacing with a patient’s brain, leads 20 may be positioned
to deliver electrical stimulation to one or more target tissue
sites within brain 28 to manage patient symptoms associated
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with a movement disorder of patient 12. Leads 20 may be
implanted to position electrodes 24, 26 at desired locations
of brain 28 through respective holes 1n cranium 32. Leads 20
may be placed at any location within brain 28 such that
clectrodes 24, 26 are capable of providing electrical stimu-
lation to target tissue sites within brain 28 during treatment.
For example, electrodes 24, 26 may be surgically implanted
under the dura mater of brain 28 or within the cerebral cortex
of brain 28 via a burr hole 1n cranium 32 of patient 12, and
clectrically coupled to IMD 16 via one or more leads 20.

Example techniques for delivering therapy to manage a
movement disorder are described in U.S. Pat. No. 8,121,694,
entitled, “THERAPY CONTROL BASED ON A PATIENT
MOVEMENT STATE,” which was filed on Sep. 25, 2008,
which 1s mcorporated herein by reference in its entirety. In
some examples described by U.S. patent application Ser. No.
12/23°7,799 to Molnar et al., a brain signal, such as an EEG
or ECoG signal, may be used to determine whether a patient
1s 1n a movement state or a rest state. The movement state
includes the state 1n which the patient 1s generating thoughts
of movement (i.e., 1s mtending to move), attempting to
initiate movement or 1s actually undergoing movement. The
movement state or rest state determination may then be used
to control therapy delivery. For example, upon detecting a
movement state of the patient, therapy delivery may be
activated 1n order to help patient 12 1nitiate movement or
maintain movement, and upon detecting a rest state of
patient 12, therapy delivery may be deactivated or otherwise
modified.

In the example shown 1 FI1G. 1, electrodes 24, 26 of leads
20 are shown as ring electrodes. Ring electrodes may be
used 1n patient interface applications because they are rela-
tively simple to program and are capable of electrically
communicating with any tissue adjacent to electrodes 24, 26.
For instance, in a stimulation system interfacing with a
patient’s brain, ring electrodes are capable of delivering an
clectrical field to any tissue adjacent to electrodes 24, 26. In
other examples, electrodes 24, 26 may have diflerent con-
figurations. For examples, 1n some examples, at least some
of the electrodes 24, 26 of leads 20 may have a complex
clectrode array geometry that 1s capable of producing shaped
clectrical fields. The complex electrode array geometry may
include multiple electrodes (e.g., partial rning or segmented
clectrodes) around the outer perimeter of each lead 20, rather
than one ring electrode. As discussed, additionally or alter-
natively, the system can include a number other than two
leads 20, each including more or fewer electrodes than
shown.

In this manner, electrical stimulation may be directed to a
specific direction from leads 20 to enhance therapy etlicacy
and reduce possible adverse side effects from stimulating a
large volume of tissue. In some examples, a housing of IMD
16 may include one or more stimulation and/or sensing
clectrodes. In alternative examples, leads 20 may have
shapes other than elongated cylinders as shown 1n FIG. 1.
For example, leads 20 may be paddle leads, spherical leads,
bendable leads, or any other type of shape eflective in
treating patient 12.

In general, the subsets of electrodes 24, 26 that are used
as stimulation electrodes and as sense electrodes can be
selected by a variety of selection processes, some of which

are described 1 the commonly-assigned U.S. Pat. No.
8,428,733 to Carlson et al., entitled, “STIMULATION

ELECTRODE SELECTION,” which was filed on Sep. 21,
2009 and 1s mcorporated herein by reference in 1ts entirety.
In some embodiments, any electrodes 24, 26 or electrode
combinations, including an electrode on the housing of IMD
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16, are capable of providing electrical signals to and rece1v-
ing signals from the brain 28 or other nervous tissue of the
patient. In other embodiments, such as diagnostic systems,
clectrodes 24, 26 or electrode combinations can be capable
of receiving signals from proximate nervous tissue of the
patient.

External programmer 14 wirelessly communicates with
IMD 16 as needed to provide or retrieve therapy or diag-
nostic information. Programmer 14 1s an external computing
device that the user, e.g., the clinician and/or patient 12, may
use to communicate with IMD 16. For example, program-
mer 14 may be a clinician programmer that the clinician uses
to communicate with IMD 16 and program one or more
therapy programs for IMD 16. Alternatively, programmer 14
may be a patient programmer that allows patient 12 to select
programs and/or view and modily therapy parameters. The
clinician programmer may include more programming fea-
tures than the patient programmer. In other words, more
complex or sensitive tasks may only be allowed by the
clinician programmer to prevent an untrained patient from
making undesired changes to IMD 16.

Programmer 14 may be a hand-held computing device
with a display viewable by the user and an interface for
providing mput to programmer 14 (1.¢., a user input mecha-
nism). For example, programmer 14 may include a small
display screen (e.g., a liquid crystal display (LCD) or a light
emitting diode (LED) display) that presents information to
the user. In addition, programmer 14 may include a touch
screen display, keypad, buttons, a peripheral pointing device
or another input mechanism that allows the user to navigate
through the user iterface of programmer 14 and provide
input. If programmer 14 includes buttons and a keypad, the
buttons may be dedicated to performing a certain function,
1.€., a power button, or the buttons and the keypad may be
soit keys that change 1n function depending upon the section
of the user interface currently viewed by the user. Alterna-
tively, the screen (not shown) of programmer 14 may be a
touch screen that allows the user to provide mput directly to
the user interface shown on the display. The user may use a
stylus or their finger to provide mput to the display.

In other examples, programmer 14 may be a larger
workstation or a separate application within another multi-
function device, rather than a dedicated computing device.
For example, the multi-function device may be a notebook
computer, tablet computer, workstation, cellular phone, per-
sonal digital assistant or another computing device that may
run an application that enables the computing device to
operate as medical device programmer 14. A wireless
adapter coupled to the computing device may enable secure
communication between the computing device and IMD 16.

When programmer 14 1s configured for use by the clini-
cian, programmer 14 may be used to transmit mnitial pro-
gramming nformation to IMD 16. This initial information
may include hardware information, such as the type of leads
20 and the electrode arrangement, the position of leads 20
within brain 28, the configuration of electrode array 24, 26,
initial programs defining therapy parameter values, and any
other information the clinician desires to program into IMD
16. Programmer 14 may also be capable of completing
functional tests (e.g., measuring the impedance of electrodes
24, 26 of leads 20).

In therapeutic stimulation systems, the climician may also
store therapy programs within IMD 16 with the aid of
programmer 14. During a programming session, the clini-
cian may determine one or more therapy programs that may
provide eflicacious therapy to patient 12 to address symp-
toms associated with a patient condition, such as a move-
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ment disorder. In some examples, the programs may deliver
stimulation 1n a closed-loop manner, such as in response to
one or more diflerent patient states, such as a sleep state,
movement state or rest state. For example, in stimulation
systems, the clinician may select one or more stimulation
clectrode combinations with which stimulation 1s delivered
to brain 28. During the programming session, patient 12 may
provide feedback to the clinician as to the eflicacy of the
specific program being evaluated or the clinician may evalu-
ate the eflicacy based on one or more physiological param-
cters of patient (e.g., muscle activity or muscle tone).
Programmer 14 may assist the clinician in the creation/
identification of therapy programs by providing a methodi-
cal system for identilying potentially beneficial therapy
parameter values.

Programmer 14 may also be configured for use by patient
12. When configured as a patient programmer, programmer
14 may have limited functionality (compared to a clinician
programmer) 1n order to prevent patient 12 from altering
critical functions of IMD 16 or applications that may be
detrimental to patient 12. In this manner, programmer 14
may only allow patient 12 to adjust values for certain
therapy parameters or set an available range of values for a
particular therapy parameter.

Programmer 14 may also provide an indication to patient
12 when therapy 1s being delivered, when patient input has
triggered a change i1n therapy or when the power source
within programmer 14 or IMD 16 needs to be replaced or
recharged. For example, programmer 14 may include an
alert LED, may flash a message to patient 12 via a program-
mer display, generate an audible sound or somatosensory
cue to confirm patient input was received, e.g., to indicate a
patient state or to manually modily a therapy parameter.

Whether programmer 14 1s configured for clinician or
patient use, programmer 14 1s configured to communicate to
IMD 16 and, optionally, another computing device, via
wireless communication. Programmer 14, for example, may
communicate via wireless communication with IMD 16
using radio frequency (RF) telemetry techniques known in
the art. Programmer 14 may also communicate with another
programmer or computing device via a wired or wireless
connection using any of a variety of local wireless commu-
nication techniques, such as RF communication according to
the 802.11 or Bluetooth specification sets, infrared (IR)
communication according to the IRDA specification set, or
other standard or proprietary telemetry protocols. Program-
mer 14 may also commumnicate with other programming or
computing devices via exchange of removable media, such
as magnetic or optical disks, memory cards or memory
sticks. Further, programmer 14 may communicate with IMD
16 and another programmer via remote telemetry techmques
known 1n the art, communicating via a local area network
(LAN), wide area network (WAN), public switched tele-
phone network (PSTN), or cellular telephone network, for
example.

In some examples, a therapy system may be implemented
to provide chronic stimulation therapy to patient 12 over the
course ol several months or years. However, a therapy
system may also be employed on a trial basis to evaluate
therapy before committing to full implantation. I 1mple-
mented temporarily, some components of stimulation sys-
tem may not be implanted within patient 12. For example,
patient 12 may be fitted with an external medical device,
such as a trial stimulator, rather than IMD 16. The external
medical device may be coupled to percutaneous leads or to
implanted leads via a percutaneous extension. If the trial
stimulator 1indicates the stimulation system provides eflec-
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tive treatment to patient 12, the clinician may implant a
chronic stimulator within patient 12 for relatively long-term
treatment

In other examples, an interface system 10 may be imple-
mented for diagnostic or monitoring purposes over a period
of time. A temporary system may be used for a patient
undergoing a one-time diagnostic procedure. However, 1f a
patient will require repeated or periodic monitoring, a purely
diagnostic system 10 may be implanted. In some further
examples, an implanted system for diagnostic purposes may
be reprogrammed, for example, by programmer 14, to
enable a stimulation program to operate via the implanted
system.

FIG. 2 1s a functional block diagram illustrating compo-
nents of an example IMD 16 for a stimulating system. In the
example shown in FIG. 2, IMD 16 includes processor 40,
memory 42, stimulation generator 44, sensing module 46,
switch module 48, telemetry module 50, and power source
52. Memory 42 may 1include any volatile or non-volatile
media, such as a random access memory (RAM), read only
memory (ROM), non-volatile RAM (NVRAM), electrically
crasable programmable ROM (EEPROM), flash memory,
and the like. Memory 42 may store computer-readable
instructions that, when executed by processor 40, cause IMD
16 to perform various functions.

As previously discussed, 1in the example shown 1n FIG. 2,
memory 42 may store therapy programs 54, sense electrode
combinations and associated stimulation electrode combi-
nations 56, and operating instructions 58 1n separate memo-
ries within memory 42 or separate areas within memory 42.
In other cases, sense and stimulation electrode combinations
need not be associated with one another. In addition, 1n some
examples, memory 42 may store a bioelectrical brain signal
sensed via at least some of the stored sense electrode
combinations and/or one or more frequency band charac-
teristics of the bioelectrical brain signals. Fach stored
therapy program 52 defines a particular program of therapy
in terms ol respective values for electrical stimulation
parameters, such as a stimulation electrode combination,
clectrode polarity, current or voltage amplitude, pulse width,
and pulse rate. In some examples, the therapy programs may
be stored as a therapy group, which defines a set of therapy
programs with which stimulation may be generated. The
stimulation signals defined by the therapy programs of the
therapy group may be delivered together on an overlapping
or non-overlapping (e.g., time-interleaved) basis.

Sense and stimulation electrode combinations 56 stores
sense electrode combinations and associated stimulation
electrode combinations. As described above, 1n some
examples, the sense and stimulation electrode combinations
may include the same subset of electrodes 24, 26, or may
include different subsets of electrodes. Stimulation may be
delivered in a bi-polar manner between two or more elec-
trodes 24, 26 on leads 20, or may instead be delivered 1n a
unmipolar manner between an electrode on leads 20 and a
common reference point. In some examples, the housing (or
“can”) of IMD 16 can function as a common reference.
Similarly, sensing may be performed 1n a bi-polar manner
between two electrodes 24, 26 on leads 20, or 1n a unipolar
manner between an electrode 24, 26 on leads 20 and a
common reference point such as the housing of IMD 16.
Operating instructions 58 guide general operation of IMD 16
under control of processor 40, and may include 1nstructions
for measuring the impedance of electrodes 24, 26 and/or
determining the distance between electrodes 24, 26.

Stimulation generator 44, under the control of processor
40, generates stimulation signals for delivery to patient 12

LL
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via selected combinations of electrodes 24, 26. An example
range of electrical stimulation parameters believed to be
cllective 1n DBS to manage a movement disorder of patient
include:

1. Frequency: the stimulation signal can include signal
components within a first range of frequencies, for example,
between approximately 0 Hz and approximately 500 Hz,
between approximately 100 Hz and approximately 500 Hz,
between approximately 120 Hz and approximately 200 Hz.

2. Voltage Amplitude: between approximately 0.1 volts
and approximately 50 volts, such as between approximately
0.5 volts and approximately 20 volts, or approximately 5
volts.

3. Current Amplitude: A current amplitude may be defined
as the biological load in which the voltage 1s delivered. In a
current-controlled system, the current amplitude, assuming a
lower level impedance of approximately 500 ohms, may be
between approximately 0.2 milliAmps to approximately 100
milliAmps, such as between approximately 1 milliAmps and
approximately 40 milliAmps, or approximately 10 muilli-
Amps. However, 1n some examples, the impedance may
range between about 200 ochms and about 2 kiloohms.

4. Pulse Width: between approximately 10 microseconds
and approximately 35000 microseconds, such as between
approximately 100 microseconds and approximately 1000
microseconds, or between approximately 180 microseconds
and approximately 450 microseconds.

Accordingly, 1n some examples, stimulation generator 44
may generate electrical stimulation signals 1n accordance
with the electrical stimulation parameters noted above.
Other ranges of therapy parameter values may also be
usetul, and may depend on, for example, one or both of the
therapy being provided and the target stimulation site within
patient 12, which may or may not be within brain 28. While
stimulation pulses are described, stimulation signals may be
of any form, such as continuous-time signals (e.g., sine
waves) or the like. In general, a stimulation signal may
include any arbitrarily shaped waveform. In some examples,
the eflicacy of the stimulation waveform may be dependent
on the location 1n the patient’s body, the contact with the
patient’s nervous tissue, or other factors. In some embodi-
ments, the waveform of the stimulation signal may be
selected based on particular factors of a patient.

Processor 40 may include any one or more of a micro-
processor, a controller, a digital signal processor (DSP), an
application specific integrated circuit (ASIC), a field-pro-
grammable gate array (FPGA), discrete logic circuitry, and
the functions attributed to processor 40 herein may be
embodied as firmware, hardware, software or any combina-
tion thereof. Processor 40 controls stimulation generator 44
according to therapy programs 52 stored 1n memory 42 to
apply particular stimulation parameter values specified by
one or more of programs, such as amplitude, pulse width,
and pulse rate. In general, as used herein, the processor may
be configured to perform actions such as providing or
receiving signals, pulses, and the like. In various embodi-
ments, the processor 40 1s capable of performing such
functions directly. Additionally or alternatively, the proces-
sor 40 may perform such actions indirectly by causing
another component, such as stimulation generator 44 or the
like, to perform such functions. In some examples, the
processor 1s configured to perform such actions based in
instructions located in memory 42. Additionally or alterna-
tively, processor 40 may include internal or dedicated
memory separate from memory 42.

In the example shown 1n FIG. 2, the set of electrodes 24
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electrodes 26 includes electrodes 26 A, 26B, 26C, and 26D.
In some embodiments, adjacent electrodes (e.g., 24 A, 24B)
are separated by at least 1 millimeter (mm), and 1n some
embodiments, at least 1.5 mm. Processor 40 also controls
switch module 48 to apply the stimulation signals generated
by stimulation generator 44 to selected combinations of
clectrodes 24, 26. In particular, switch module 48 may
couple stimulation signals to selected conductors within
leads 20, which, i turn, deliver the stimulation signals
across selected electrodes 24, 26. Switch module 48 may be
a switch array, switch matrix, multiplexer, or any other type
ol switching module configured to selectively couple stimu-
lation energy to selected electrodes 24, 26 and to selectively
sense bioelectrical brain signals with selected electrodes 24,
26. Hence, stimulation generator 44 1s coupled to electrodes
24, 26 via switch module 48 and conductors within leads 20.
In some examples, however, IMD 16 does not include
switch module 48. As described, 1n some examples, IMD 16
does not include stimulation generator 44, and 1s configured
for monitoring and diagnostic purposes.

Stimulation generator 44 may be a single channel or
multi-channel stimulation generator. In particular, stimula-
tion generator 44 may be capable of delivering, a single
stimulation pulse, multiple stimulation pulses or continuous
signal at a given time via a single electrode combination or
multiple stimulation pulses at a given time via multiple
clectrode combinations. In some examples, however, stimu-
lation generator 44 and switch module 48 may be configured
to deliver multiple channels on a time-interleaved basis. For
example, switch module 48 may serve to time divide the
output of stimulation generator 44 across different electrode
combinations at different times to deliver multiple programs
or channels of stimulation energy to patient 12.

Sensing module 46, under the control of processor 40,
may sense bioelectrical brain signals and provide the sensed
bioelectrical brain signals to processor 40. Processor 40 may
control switch module 48 to couple sensing module 46 to a
selected combinations of electrodes 24, 26, 1.e., a sense
clectrode combination. In this way, IMD 16 1s configured
such that sensing module 46 may sense bioelectrical brain
signals with a plurality of different sense electrode combi-
nations. Switch module 48 may be electrically coupled to the
selected electrodes 24, 26 via the conductors within the
respective leads 20, which, 1n turn, deliver the bioelectrical
brain signal sensed across the selected electrodes 24, 26 to
sensing module 46. The bioelectrical brain signal may
include electrical signals that are indicative of electrical
activity within brain 28 of patient 12.

Although sensing module 46 1s incorporated into a com-
mon housing with stimulation generator 44 and processor 40
in FIG. 2, 1n other examples, sensing module 46 may be 1n
a separate housing from IMD 16 and may communicate with
processor 40 via wired or wireless communication tech-
niques. Example bioelectrical brain signals include, but are
not limited to, a signal generated from local field potentials
within one or more regions of brain 28. EEG and ECoG
signals are examples of local field potentials that may be
measured within brain 28. However, local field potentials
may 1include a broader genus of electrical signals within
brain 28 of patient 12.

Telemetry module 50 supports wireless communication
between IMD 16 and an external programmer 14 or another
computing device under the control of processor 40. Pro-
cessor 40 of IMD 16 may receive, as updates to programs,
values for various stimulation parameters such as amplitude
and electrode combination, from programmer 14 via telem-
etry module 50. The updates to the therapy programs may be
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stored within therapy programs 54 portion of memory 42.
Telemetry module 50 in IMD 16, as well as telemetry
modules 1n other devices and systems described herein, such
as programmer 14, may accomplish communication by
radiofrequency (RF) communication techniques. In addi-
tion, telemetry module 50 may communicate with external
medical device programmer 14 via proximal inductive inter-
action of IMD 16 with programmer 14. Accordingly, telem-
etry module 50 may send information to external program-
mer 14 on a continuous basis, at periodic intervals, or upon
request from IMD 16 or programmer 14.

Power source 352 delivers operating power to various
components of IMD 16. Power source 52 may include a
small rechargeable or non-rechargeable battery and a power
generation circuit to produce the operating power. Recharg-
ing may be accomplished through proximal inductive inter-
action between an external charger and an inductive charg-
ing coil within IMD 16. In some examples, power
requirements may be small enough to allow IMD 16 to
utilize patient motion and implement a Kkinetic energy-
scavenging device to trickle charge a rechargeable battery.
In other examples, traditional batteries may be used for a
limited period of time.

The foregoing discusses various stimulation parameters
used to deliver stimulation, including the frequency of the
stimulation waveform, which may be, 1n one example, any
frequency between 0 Hz and 500 Hz (e.g., in one specific
example 130 Hz). Such a stimulation signal or wavelorm
may comprise frequency components at a variety of fre-
quencies. For instance, a pulsatile signal delivered at 130 Hz
may comprise signal components including a primary ire-
quency of 130 Hz and various harmonics or sub-harmonics
of the primary frequency component. As will be appreciated,
in some embodiments, any of a variety of signal shapes or
wavelorms having a primary frequency may be used.

It will be appreciated that, as referenced herein, a stimu-
lation signal “including a stimulation frequency” refers to
frequency content of the stimulation signal unless otherwise
specified. That 1s, a signal applied “at a stimulation fre-
quency”’ refers to a stimulation signal having frequency
content including that stimulation frequency. As described
herein, applying a stimulation signal at a stimulation fre-
quency within a first frequency range or band does not
preclude the stimulation signal from having frequency con-
tent outside of the first frequency range. That 1s, 1f a
stimulation signal comprises a primary frequency, F, within
a first frequency range or frequency band, the stimulation
signal may include harmonics or sub-harmonics of F that
need not fall within the first frequency range. The stimula-
tion signal may additionally or alternatively comprise ire-
quency content outside of the first range of frequencies that
1s not a harmonic or sub-harmonic of F without departing
from the scope of the disclosure.

In some instances, sense signals recerved by the sensing
module 46 can include signals of interest within a second
range of frequencies that 1s separate from the first range of
frequencies including components of the stimulation signal.
In some embodiments, the signals of interest in the sense
signals can include signals within the beta band. The beta
band may include a frequency range of about 10 Hertz (Hz)
to about 35 Hz, such as about 10 Hz to about 30 Hz or 13
Hz to about 30 Hz. Other signals of interest can include
additional or alternative frequency bands, such as delta (e.g.,
less than approximately 4 Hz), theta (e.g., between approxi-
mately 4 Hz and approximately 8 Hz), alpha (e.g., between
approximately 8 Hz and approximately 13 Hz), gamma (e.g.,
between approximately 35 Hz and approximately 100 Hz),
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or other known neurological frequency bands. In some
examples, signals of interest are not limited to any one
neurological frequency band, but can more generally be
contained within a second frequency band which includes a
range ol frequencies overlapping with at least one neuro-
logical frequency band.

Signals of interest can include a variety of frequency
bands according to the patient and the patient’s condition.
For 1nstance, for certain patients (e.g., patients with Parkin-
son’s disease), signals 1n the beta frequency band can be of
particular interest to a climician or physician observing the
sense signals. However, neural signals can have a relatively
low magmtude, for example 1n the microvolt (LV) range,
and as a result can be difficult to analyze. Accordingly, 1n
some examples, the sensing module 46 can include a signal
chain comprising a variety ol components for processing the
signals received from one or more sensing electrodes or
sense electrode combinations. For example, the sensing
module 46 can include one or more pre-amplifiers, ampli-
fiers, filters, analog-to-digital converters (ADC’s), and the
like. Such components can assist in the analysis of the
sensed signals of interest by improving or maximizing the
fidelity of the sensed signals. In some cases, this processing
includes processing the sensed signal to extract signal com-
ponents within one or more frequency bands of interest.

As described previously, a stimulation signal can be
applied to a patient’s brain or other tissue at one or more
stimulation frequencies within a first range of frequencies.
According to various therapy parameters, various properties
of stimulation signals may include select electrode combi-
nation and polarity, pulse amplitude, pulse width, duty cycle,
and frequency. In various treatment programs, stimulation
pulses are itended to affect the bioelectrical signals 1n the
patient, such as to suppress or promote such signals. For
example, a stimulation signal can be applied to the patient’s
brain via at least one stimulation electrode (e.g., a unipolar
stimulation electrode, a stimulation electrode combination,
etc.) comprising one or more frequencies in order to achieve
some physiological effect. This physiological effect may be
indicated by a change 1n the frequency content of a sensed
signal, such as a reduction 1n magnitude of the frequency
content 1n one or more frequency ranges. For instance, a
sensed signal in the time domain may be converted to the
frequency domain so that the spectral power density within
various Irequencies bands within that time domain signal
can be determined. In some examples, the power of the
signal in the beta band may be an indication of the eflicacy
of stimulation for patient’s suflering from some movement
disorders. Stimulation may aflect (e.g., reduce) the power of
the signal 1n the beta band for such patients.

Accordingly, 1t can be advantageous to monitor the bio-
clectrical signals within the patient’s brain or other nervous
tissue while simultaneously applying a stimulation signal in
order to observe the ellect of one on the other. That 1s,
sensing the sense signal from at least one sensing electrode
while simultaneously applying a stimulation signal via at
least one stimulation electrode can provide real time feed-
back of the eflicacy of the applied stimulation signal. In
addition, simultancously monitoring sense signals while
applying stimulation signals can provide information
regarding the level of stimulation required for effective
promotion or suppression of signals of interest as well as
indicate potential side effects of the stimulation on the
patient.

In some cases, the stimulation signal may be such that one
or more Irequency components thereof are outside of the
frequency band of interest for sensing so that stimulation
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artifacts are not present, or are minimized, in the sensed
signal. For mstance, in some examples, the stimulation
signal includes frequency components within a first range of
frequencies that does not overlap with the second range of
frequencies. This can be done 1n order to limit interference
between the stimulation signal and sensed signals of interest.
By analyzing the frequency content of the resulting sense
signal, signals of interest 1n the second range of frequencies
can be analyzed independently from artifacts from the
stimulation signal in the first range of frequencies. In other
instances, the first and second frequency ranges may over-
lap, 1n which stimulation signals may have similar frequency
content as signals of interest.

As discussed, 1n some 1nstances, the magnitude of signals
of interest 1n the sense signal, such as particular frequency
components 1 second range of frequencies, for example,
can be relatively small. The sense signal can be processed to
create a processed signal, which can facilitate analysis of the
signals of interest. For example, the sensing module 46 can
include at least one amplifier for amplifying the received
sense signal. In various embodiments, the at least one
amplifier can be configured to amplity any portion of the
sense signal. For example, the at least one amplifier can
amplify the entire received sense signal or only certain
frequencies of the received sense signal, such as frequency
components of interest in the second frequency band. In the
latter case, a band-pass filter may be used to extract the
frequencies of the received sense signal that are of interest
(e.g., the signal components residing within the beta band).
In some examples, amplification of the sense signal 1s a
function of frequency of the received sense signal. In further
examples, frequencies within the second range of frequen-
cies are amplified more than the frequencies 1n the first range
of frequencies. Additionally or alternatively, a transforma-
tion may be performed on the sense signal, such as a Fourier
transiorm, to convert the signal to the frequency domain so
that specific frequency components can be analyzed, as 1s
discussed further below.

Amplification of the sense signal can lead to increased
ability to analyze the eflicacy of the stimulation signal on the
patient. However, excessive amplification can result in the
obscuring of data, rendering the amplified sense signal
unreliable. For example, if the amplification of the sense
signal 1s too high, the signal chain can become saturated,
resulting 1 a potentially misleading processed signal. In
some 1nstances, when saturation occurs, the processed signal
might indicate that the signals of interest are responding to
stimulation as desired when 1n reality the observed change
in the processed signal 1s an artifact of the saturation and the
patient 1s not actually recerving adequate treatment. In other
instances, saturation may result 1n disguised changes 1n the
signals of interest, leading to a misrepresentation that the
patient 1s not receiving adequate treatment. To compensate
for some such instances, aspects of the stimulation signal
may be unnecessarily adjusted beyond a desired magnitude
in order to achieve observable changes 1in the signals of
interest. In general, saturation can lead to a variety of
undesirable circumstances, such as a lack of therapy pro-
vided to a patient, an abundance of unnecessary therapy
provided to the patient, which can drain the power source
unnecessarily or lead to side effects 1in the patient, or a
generally unusable signal from which a conclusion cannot
be reached.

Accordingly, 1t can be advantageous to determine when
saturation of the signal chain occurs so that it 1s known that
the processed signal 1s unreliable and measures can be taken
to eliminate the saturation. In some cases, 1t can be deter-
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mined that the signal chain 1s saturated based on operating
characteristics of components 1n the signal chain. For
instance, saturation may be evidenced by a pre-amp being
over range or by problems in a slew rate of an analog-to-
digital converter (ADC). In some embodiments, the system
(e.g., via the processor 40 or other components of the IMD
16) can automatically perform at least one action in response
to a detected saturation. Such actions can include, in some
examples, any combination of placing the system in a safe
mode 1n which one or more system actions (e.g., applying a
stimulation pulse) are disabled, reducing the gain of at least
one amplifier, adjusting the operation of one or more addi-
tional signal chain components, adjusting at least one prop-
erty of the stimulation signal, adjusting which of electrodes
24, 26 are used as stimulating and sensing electrodes,
adjusting the impedance of at least one sensing electrode as
described 1n patent application Ser. No. 14/726,028 entitled
“IMPEDANCE MATCHING AND ELECTRODE CONDI-
TIONING IN PATIENT INTERFACE SYSTEMS,” filed
May 29, 20135, which 1s hereby incorporated herein by
reference in 1ts entirety, storing an indication in memory
indicating potential saturation for use in analyzing any
stored sensed signal, and/or providing some notification to a
user (e.g., a clinician or patient). In some examples, a
combination of actions can be performed. For example, 1n
response to detected saturation, the system can enter a safe
mode while adjusting the gain of an amplifier in the signal
chain. Once the amplification 1s adjusted, the system may
exit the safe mode and operate normally. In some systems,
in the event that lower the gain 1s not an eflective course of
action for eliminating saturation, the system may remain 1n
safe mode until appropriate action 1s taken. Automatic
performance of the at least one action can be initiated, for
example, according to operating instructions 58 stored 1n
memory 42 communicating with the processor 40.

In some embodiments, the electrodes 24, 26 of therapy
system 10 can include at least one test electrode (or simi-
larly, test electrode combination) configured to apply a test
tone signal to the patient’s brain. The test tone electrode can
receive a test signal from, for example, the stimulation
generator 44. In other examples, the IMD 16 can include a
separate test tone module 50 configured to generate the test
tone signal for application to the brain tissue via the test tone
clectrode. The test tone signal can have a test tone frequency
that 1s generally distinguishable from both a stimulation
signal and sensed signals of interest. For example, the test
tone signal may include a test tone frequency that i1s not in
the first range of Ifrequencies (including the stimulation
frequency) or the second range of frequencies (Ifrequency
content of signals of interest). For instance, in some embodi-
ments, the stimulation signal can include a stimulation
frequency content between approximately 120 Hz and 300
Hz (e.g., within a first range of frequencies; as described,
vartous harmonics and sub-harmonics of the stimulation
frequency may depart from this range), the second frequency
range can be between approximately zero Hz and 100 Hz,
and the test tone frequency can be approximately 105 Hz. It
will be appreciated that in the present example, test tone
frequencies between 100 Hz and 120 Hz are appropnately
not contained 1n the first or second frequency ranges and are
also possible. It may also be that various harmonics and
sub-harmonics of the test tone frequency may fall within one
or both of the first and second frequency ranges. In still
further embodiments, the test tone can be within one of the
first and second frequency bands yet distinguishable from
the stimulation signal or the signals of interest in the sense
signal.
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In some embodiments, the stimulation generator 44 1s
configured to generate a stimulation signal having a built-in
test tone signal. That 1s, the stimulation pulse can include a
stimulation signal having frequencies within the first fre-
quency band and a test tone frequency component that is
outside of the first frequency band. In such embodiments,
the test tone electrode can be the same electrode as the
stimulation electrode (or stimulation electrodes or stimula-
tion electrode combination), and the test tone 1s provided by
the stimulation generator 44.

The sense signal received by the sensing module can
include frequency content having the test tone frequency
resulting from the applied test tone signal. Because the test
tone frequency 1s outside of the first and second frequency
bands, the received sense signal (or the resulting processed
signal from the signal chain) can include distinguishable
information regarding the first frequency band, the second
frequency band and signals of interest contained therein, and
the test tone frequency.

During simultaneous stimulation and sensing, the test
tone frequency can be observed 1n addition to the signals of
interest 1n the processed signal. The test tone signal can be
such that, in the event of signal chain saturation, the mag-
nitude of the test tone frequency content of the processed
signal decreases, and in some cases, sub-harmonics of the
test tone frequency are created. Accordingly, aspects of the
processed signal can be analyzed to determine the occur-
rence of saturation of the signal chain. It will be appreciated
that as described herein, analysis of the sense signal can
include analysis of the processed signal and 1s not limited to
describing only an unprocessed signal received from sense
clectrodes unless specifically stated.

The received sense signal can be processed and data from
the sensed signal can be saved 1n memory 42 for analysis. In
some examples, data can be captured over time and dis-
played as a spectrogram. FIG. 3 1s an example spectrogram
of bioelectrical brain signals of a human subject which
shows the frequency content of the sensed time domain
signal. This can be generated in several ways, such as by
applying a Fourier transform to the sensed time domain
signal or by processing the sensed time domain signal using
a series ol bandpass filters. The y-axis of the spectrogram
indicates the frequency band of the bioelectrical brain signal,
the x-axis indicates time, and the z-axis, which extends
substantially perpendicular to the plane of the image of FIG.
3 and 1s generally represented by the color of the spectro-
gram, indicates a power level of the bioelectrical brain
signal. The spectrogram provides a three-dimensional plot
of the energy of the frequency content of a bioelectrical
brain signal over time.

As shown 1n the exemplary spectrogram of FIG. 3,
stimulation pulses 70, 74 are applied at various times 1n a
first frequency band 60. A test tone signal 64 1s shown
having a frequency component (e.g., a test tone frequency)
of approximately 105 Hz. Additional signals are at times
present 1n a second frequency band 62. Such signals can
correspond to bioelectrical signals in the patient’s brain.
Optionally, a distinct synchronization pulse 66 1s emitted to
assist 1n temporal alignment of data across multiple sensing
and application procedures.

The spectrograph of FIG. 3 can indicate to a clinician or
other user the eflicacy of treatment to a patient over a period
of time. For instance, the spectrograph includes data from a
first time period 68 between approximately 50 seconds and
100 seconds during which a stimulation signal 70 1s applied
having a frequency 1n a first frequency band 60. During the
application of the stimulation signal 70, signals 1n a second
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frequency band 62, in this instance signals at approximately
10-20 Hz, are seemingly suppressed. In addition, during the
application of the stimulation signal 70, the test tone fre-
quency 64 remains present in the spectrograph, indicating
that saturation has likely not occurred and that the sense
signal during that time period 1s reliable. Thus, the signals 1n
the second frequency band 62 were likely suppressed due to
the application of the stimulation signal 70. In another
instance, the spectrograph includes data from a second time
period 72, between approximately 175 and 2235 seconds, in
which another stimulation signal 74 1s applied. During the
second time period 72, the test tone frequency 64 disappears
from the sense signal, indicating that data from the second
time period 72 may not be reliable due to signal chain
saturation.

As described, data from the spectrograph of FIG. 3
includes information regarding time, frequency, and ampli-
tude of sense signals. Subsets of such data can be helpful for
providing useful analysis. For example, a slice of a spec-
trograph 1n the x-z plane can provide information regarding
the magnitude of a particular frequency in the sense signal
over time. Alternatively, a slice of the spectrograph 1n the y-z
plane can provide the spectral content of the sense signal at
a particular time. FIGS. 4 and 5 are exemplary slices in the
y-z plane of such a spectrograph, illustrating spectral content
ol a sense signal at a single point i time.

FIG. 4 1s a sample plot illustrating the frequency content
ol a sense signal sensed during the application of stimulation
pulses at varying magnitudes and corresponding adjust-
ments 1 the processing of the sense signal. The Y axis
provides the amplitude of a sensed signal 1n uV/rtHz. In the
illustrated example, the test tone frequency 1s approximately
105 Hz, and the stimulation frequency has frequency content
within the first range of frequencies (approximately 140 Hz).
A first signal 102 1s shown as having prominent peaks at 105
Hz (corresponding to the test tone frequency 104) and 140
Hz (corresponding to the stimulation frequency 110).
Lower-frequency content (e.g., approximately 18 Hz) 1n the
illustrated sense signal can include signals of interest, such
as the beta band component of the bioelectrical signals 1n the
patient’s brain. As shown, the test tone frequency 104 1s
clearly present 1n the first signal 102.

FIG. 4 includes a second signal 112 observed at a separate
time than first signal 102. The second signal 112 has a large
peak at the stimulation frequency (approximately 140 Hz)
and shows little activity in the second frequency band (e.g.,
approximately O Hz to 100 Hz). However, the second signal
112 does not have a clear peak at the test tone frequency 104
(approximately 105 Hz), indicating that saturation may have
occurred. Accordingly, an observed change from detected
activity 1n the second frequency band 1n the first signal 102
to an absence of detected activity in the second frequency
band 1n the second signal 112 cannot be reliably attributed
to suppression of the activity in the second frequency band
because saturation has occurred.

As described, 1n some embodiments, the system can
automatically perform at least one action in response to
detected saturation. Thus, the system can monitor the pres-
ence of the test frequency 1n the sense signal, and, 1n the
event that the test frequency component of the sense signal
drops below a predetermined threshold, the system can
detect saturation and automatically perform at least one
action. In various examples, when the test frequency com-
ponent falls below a predetermined threshold, the system
can adjust at least one of the stimulation signal, the test tone
signal, and the processing of the sense signal (e.g., reducing
the gain of at least one amplifier). Performing the at least one
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corrective action can result imn the detection of the test
frequency 1n the sense signal, and accordingly an indication
that other information from the sense signal 1s reliable.

As previously described, saturation of the signal chain can
additionally or alternatively result in the appearance of
sub-harmonics of the test frequency being present in the
sense signal. Accordingly, 1n some embodiments, saturation
of the signal chain can be detected by observing the sub-
harmonics of the test frequency present 1n the sense signal.
In the event that a sub-harmonic (or 1n some embodiments,
a combination of sub-harmonics) exceeds a predetermined
threshold, saturation 1s detected. Similarly to the above
embodiments, the detection of saturation can cause the
system to perform at least one action.

It will be appreciated that, while a variety of methods for
detecting saturation have been described, any one method or
combination of such methods can be employed by a system
according to various embodiments. For example, a system
can perform any combination of momtoring operation of
components of the signal chain, observing the test frequency
in the sense signal, and observing the sub-harmonics of the
test frequency present in the sense signal. In various embodi-
ments, any one such method can be used to detect saturation.
In alternative embodiments, saturation 1s detected when
more than one such events 1s observed. In general, saturation
can be detected based on any individual or combination of
appropriate methods, 1n some embodiments triggering at
least one corrective action such as those previously dis-
cussed.

Similar to FIG. 4, FIG. 5 1s a sample plot 1llustrating the
frequency content of a sense signal while simultaneous
stimulation pulses of varying magnitudes are applied. How-
ever, 1n the stimulation events of FIG. 5, saturation 1s
avoided. As shown, as a variety of stimulation pulses are
applied at a stimulation frequency (approximately 140 Hz)
along with a test tone signal having a test tone frequency
(approximately 105 Hz). The stimulation frequency and test
tone frequency are present in the processed sense signal.
Sense signals also have frequency content mm a second
frequency band (e.g., approximately 0-100 Hz, or approxi-
mately 10-30 Hz). In a first signal 120 corresponding to a OV
stimulation pulse, a noticeable peak near 22 Hz 1s shown. A
second signal 122 corresponding to a 1V stimulation pulse
shows a reduction 1n the magnitude at the same frequency,
as does a third signal 124 corresponding to a 2V stimulation
pulse. Finally, a fourth signal 126 corresponding to a 3V
stimulation pulse shows a minimal peak at the same fre-
quency 1n the second frequency band (approximately 22
Hz). Comparisons of the first 120 through fourth 126 signals
indicate that increasing the magnitude of the stimulation
pulse from OV to 3V suppresses bioelectrical signals in the
second frequency band. Moreover, because the test tone
frequency 1s clearly present 1n each of the first 120 through
fourth 126 signals, 1t 1s likely that the signal chain did not
saturate, and that the observed suppression in the second
frequency band while simultaneously applying a stimulation
signal 1s reliable.

FIG. 6 1s a process-flow diagram 1llustrating an exemplary
process monitoring saturation of a signal chain mm a DBS
system. The process imncludes receiving a sense signal via a
sense electrode (130). In general, as discussed, the sense
clectrode can include a single electrode, a plurality of
electrodes, an electrode combination, or the like. Some
embodiments of the method 1nclude one or both of the steps
of applying a stimulation pulse via a stimulation electrode
(150) as shown by broken line 152, and applying a test tone
signal via a test electrode (154) as shown by broken line 156.
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Similarly, the stimulation electrode and the test electrode can
include a single electrode, a plurality of electrodes, an
electrode combination, or the like. In some embodiments,
the test tone signal can be included 1n the stimulation pulse,
as indicated by broken line 158. In some such embodiments,
the stimulation electrode(s) and the test electrode(s) can
include some of all of the same electrode(s). As previously
described, the stimulation pulse can be contained in a {first
frequency band while the test tone signal can include a test
tone frequency that 1s outside of the first frequency band.

The process further includes processing the sense signal
to produce a processed signal (132). Processing the signal
can 1nclude steps of, for example, filtering and amplitying
the sense signal. Processing can also include performing a
transform of the signal (e.g., a Fourier transform) such as to
determine the amplitude of various frequency components
of the signal. The process can include monitoring a reliabil-
ity signal indicative of the reliability of the processed signal
(134). As described, such a reliability signal can include the
presence of a test tone frequency in the processed signal, the
presence ol sub-harmonics of the test tone frequency in the
processed signal, or any of a variety of attributes of com-
ponents 1n the signal chain.

The system (e.g., via the processor 40) can determine
whether or not the reliability signal meets a predetermined
threshold (136). For instance, the system can determine if
the test tone frequency has a magnitude below a predeter-
mined level, 1if sub-harmonics of the test tone frequency
exceed a predetermined threshold, or 1if components of the
signal chain have attributes that meet predetermined thresh-
olds. In one example, the magnitude may be the power level
in a particular frequency or frequency band in the processed
signal. If 1t 1s determined that the reliability signal does not
meet a predetermined threshold, the system continues to
monitor the reliability signal (134) and determines that the
data 1n the processed signal 1s reliable (140).

On the other hand, 11 1t 1s determined that the reliability
signal does meet a predetermined threshold, the system can
automatically perform at least one action (142). Performing
the at least one action can act to adjust the processed signal
so that the reliability signal does not meet the threshold.
Performing the at least one action can include, for example,
placing the system in a safe mode, adjusting the gain of an
amplifier 1n the signal chain, adjusting the stimulation sig-
nal, adjusting the test tone signal, or adjusting at least one
additional or alternative aspect of the stimulation or the
sensing modules. As shown in the illustrated diagram of
FIG. 6, since performing the at least one action can result 1n
adjusting the processing of the sense signal, the system can,
alter performing the at least one action, process the sense
signal (132). In other embodiments, in the event the pro-
cessing step 1s not changed, the system can, after performing
the at least one action, continue to monitor the reliability
signal (134).

It will be appreciated that the process illustrated in the
diagram of FIG. 6 1s exemplary and does not represent every
possible method of carrying out or utilizing the invention.
Rather, various steps 1n the process can be omitted, per-
muted, or performed substantially simultaneously without
departing from the scope of the mvention. For example, 1n
some embodiments, the system may apply a test tone signal
via a test electrode (154) and recerve sense signals via sense
clectrode (130), process the recerved sense signal and com-
pare a reliability signal to a threshold to ensure that pre-
therapy measurements are reliable prior to applying a stimu-
lation pulse. Additionally or alternatively, a variety of
threshold comparisons may be used to analyze the reliability
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signal. In various embodiments, saturation may be detected
i a particular signal drops below a predetermined threshold
level, rises above a predetermined threshold level, or meets
a predetermined threshold level. That 1s, “meeting a thresh-
old” does not require that a reliability signal increases
beyond a certain point. For instance, 1n some embodiments,
a reliability signal meets a threshold and results i the
system automatically performing at least one action when
the magnitude of the test tone frequency falls to or below a
predetermined threshold. In general, any appropriate reli-
ability signal comparison may be used.

In addition, the system can perform additional steps based
on a variety of determinations during the execution of the
process of FIG. 6. In some embodiments, i the event that
the system determines that the signal chain 1s saturated, the
system can automatically perform at least one action and
save the at least one action performed 1n memory 42. For
example, 1n the event that saturation 1s detected, the system
can reduce the gain of at least one amplifier 1n the signal
chain, and save the relevant gain information (e.g., combi-
nations of the previous gain, new gain, gain change, etc.) to
memory 42.

In some embodiments, the system can perform a calibra-
tion step prior to operation. In such a process, the system can
monitor the processed sense signal for evidence of satura-
tion, and adjust the gain of at least one amplifier in the signal
chain until the system determines the maximum gain with-
out inducing saturation of the signal chain. The maximum
gain can be saved to memory 42 and used as a starting gain
for subsequent therapy procedures. In some examples, a gain
value saved 1n memory can be applied at the start of all
tuture therapy sessions. In other examples, the gain value
can be applied for a set number of therapy sessions before
another calibration 1s performed. In still further embodi-
ments, a calibration step can be performed at the beginning,
of every therapy session.

While the foregoing contemplates use of a sensing mecha-
nism along with the delivery of stimulation to monitor the
functionality of the signal chain (e.g., to determine whether
amplifiers are becoming saturated), the techniques described
herein may also be used to detect saturation in the absence
of stimulation. For instance, movement of a patient may
cause spikes in the detected signals that result in the satu-
ration of the sensed signals. Use of the disclosed techniques
can detect this saturation and provide adjustments to the
signal chain (e.g., adjustments to the amplifier gain) so that
sensing can continue umnterrupted even when the patient 1s
moving. This type of sensing and adjustment can occur with,
or without stimulation. Thus, while examples above describe
sensing during stimulation, the techniques described herein
are not so limited, and can be used 1n the absence of the
delivery of stimulation to improve signal sensing capability.

It will be appreciated that various operating steps of the
system can be carried out manually or automatically. For
example, a clinician, patient, or other system operator can
interface with the system via programmer 14 or other
external device as described in U.S. Pat. No. 8,428,733,
which 1s 1ncorporated by reference. In such examples, the
system operator can observe evidence of saturation 1n pro-
cessed sense signals and 1nitiate appropriate action to elimi-
nate the saturation. In other examples, the processor 40 can
access information stored 1 any one or combination of
operating 1nstructions 58 and therapy programs 54 1n
memory 42 of the system to automatically detect the occur-
rence of saturation and to take appropriate action.

Various examples of the disclosure have been described.
While many described embodiments included system for
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stimulating and sensing from a patient’s brain tissue, these
are not mtended to limit the scope of the invention. For
instance, the foregoing techniques can be used 1n system for
only sensing, such as purely diagnostic system. Additionally
or alternatively, systems can be used 1n other physiological
sensing applications, such as neural tissue outside of the
brain, muscle tissue, etc. These and other examples are
within the scope of the following claims.

The mvention claimed 1s:

1. A method comprising:

applying a stimulation signal to a patient, the stimulation
signal comprising a stimulation frequency within a first
frequency band;

while applying the stimulation signal, simultaneously
receiving a signal from the patient, wherein the
received signal comprises a sense signal comprising
frequency content within a second frequency band, the
second frequency band being distinct from the first
frequency band;

applying a test tone signal simultaneously with the stimu-

lation signal, the test tone signal comprising a test

frequency outside of the first and second frequency

bands;

in real time, using a processor, processing the received

signal to produce a processed signal, wherein the
processed signal comprises at least a first signal com-
ponent from the sense signal and a second signal
component caused by applying the test tone signal;
using the processor, monitoring at least one reliability
signal indicative of the reliability of the processed
signal,
wherein monitoring the at least one reliability signal
comprises monitoring a magnitude of the second
signal component, caused by applying the test tone
signal, at the test frequency in the processed signal;
and

in response to the reliability signal meeting at least one

predetermined criterion, using the processor, automati-

cally performing at least one action to improve the

reliability of the processed signal,

wherein the reliability signal meeting the at least one
predetermined criterion comprises the magnitude of
the second s1gnal component, caused by applying the
test tone signal, at the test frequency being less than
a predetermined threshold, and

wherein performing at least one action to improve the
reliability of the processed signal comprises adjust-
ing at least one of (1) the stimulation signal, (11) the
processing of the sense signal, and (111) the test tone.

2. The method of claim 1, wherein:

processing the received signal comprises amplifying the

received signal via an amplifier;

and

performing at least one action to improve the reliability of

the processed signal comprises reducing the gain of the
amplifier.

3. The method of claim 1, wherein the first frequency
band comprises frequencies between 120 Hz and 160 Hz,
and the second Irequency band comprises frequencies
between 0 and 100 Hz.

4. The method of claim 3, wherein the test tone frequency
1s approximately 105 Hz.

5. The method of claim 3, further comprising generating,
a graphical display for user analysis, the graphical display
including representation of the frequency content of the
sense signal over time.
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6. The method of claim 1, wherein:

applying the stimulation signal to the patient comprises
applying the stimulation signal to a patient’s brain;

receiving the signal from the patient comprises receiving
the signal from the patient’s brain; and

applying the test tone signal comprises applying the test
tone signal to the patient’s brain.

7. The method of claim 6, wherein applying the stimula-
tion signal to the patient comprises applying a signal of
suilicient magnitude in order to eflect a desired change 1n the
sense signal.

8. The method of claim 7, wherein the desired change in
the sense signal comprises reducing the magnitude of beta
waves 1n the sense signal.

9. The method of claim 7, wherein the desired change in
the sense signal comprises increasing the magnitude of delta
waves 1n the sense signal.

10. A system for providing and confirming treatment to a
patient comprising:

a stimulation processor coupled to at least one stimulating
clectrode and configured to provide a stimulation signal
to a patient for providing treatment to the patient, the
stimulation signal comprising a stimulation frequency
within a first frequency band;

a test electrode, the test electrode configured to apply a
test tone signal simultaneously with the stimulation
signal to the patient, the test tone signal having fre-
quency content comprising a test frequency separate
from the first frequency band;

at least one sensing electrode configured to recerve signals
from within the patient;

a signal chain in communication with and configured to
receive a signal from the at least one sensing electrode,
process the received signal, and 1n real time, output a
processed signal,
wherein the processed signal comprises at least a first

signal component from a sense signal and a second
signal component caused by applying the test tone
signal, and

wherein the sense signal comprises frequency content
within a second frequency band, the second fre-
quency band being distinct from the first frequency
band and the test frequency;

and

a processor 1n communication with the signal chain and
configured to:

(1) recerve the processed signal from the signal chain,
the processed signal including real-time data 1indica-
tive of the eflectiveness of the simultaneous stimu-
lation signal during the application of the stimulation
signal by the stimulation processor;

(1) analyze a reliability signal based on one or both of
signal chain operation and the content of the pro-
cessed signal, the reliability signal being indicative
of the reliability of the processed signal, wherein
analyzing the rehability signal comprises comparing,
the magnitude of the second signal component,
caused by applying the test tone signal, at the test
frequency 1n the processed signal to a predetermined
threshold; and

(1) 1n the event that the reliability signal meets at least
one predetermined criterion, automatically perform-
ing at least one action to improve the reliability of the
processed signal, wherein the at least one action
comprises adjusting at least one of (1) the stimulation
signal, (11) the processing of the sense signal, and (111)
the test tone.
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11. The system of claim 10, wherein the real-time data
indicative of the eflectiveness of the stimulation signal
comprises the magnitudes of one or more components of the
processed signal at least one frequency band, and wherein a
change 1n magnitude of the one or more components of the
processed signal at least one target frequency band is indica-
tive of the eflectiveness of the simultaneous stimulation
signal, wherein the at least one target frequency band
comprises a Irequency separate from the first frequency
band and separate from the test frequency.

12. The system of claim 11, wherein the at least one action
performed to improve the reliability of the processed signal
comprises adjusting at least one component of the signal
chain.

13. The system of claam 12, wherein the signal chain
comprises at least one amplifier, and wherein adjusting at
least one component of the signal chain comprises adjusting
the gain of at least one of the at least one amplifier of the
signal chain.

14. The system of claim 10, further comprising a display
configured to present a graphical representation of the
frequency content of the sense signal over time.

15. The system of claim 10, wherein the entire system 1s
implantable into the body of the patient.

16. An automated system for simultaneously stimulating
tissue of a patient and sensing physiological eflects of the
stimulation on the patient comprising:

a processor configured to provide (1) a stimulation signal
patient via at least one stimulation electrode and (11) a
test tone signal to the patient via at least one test
clectrode, the stimulation signal comprising a stimula-
tion frequency included 1n a first frequency band and
the test tone signal comprising a test tone frequency
outside of the first frequency band;

at least one sense electrode configured to receive a sense
signal from the patient;

at least one amplifier configured to amplily the sense
signal received from the at least one sense electrode,
the at least one amplifier having an adjustable gain;

a processor in communication with the at least one
amplifier and configured to:

(1) receive the amplified sense signal from the at least
one amplifier;

(11) determine the magnitude of a component in the
amplified sense signal at the test tone frequency
component;

(111) compare the magmtude of the component in the
amplified sense signal at the test tone frequency in
the amplified sense signal to a predetermined thresh-
old; and

(1v) 1f the magnitude of the component 1n the amplified
sense signal at the test tone frequency in the ampli-
fied sense signal falls below a predetermined thresh-
old, automatically lower the gain on the at least one
amplifier.

17. The automated system of claim 16, wherein the
processor 1n step (1v) incrementally lowers the gain until the
magnitude of the component 1n the amplified sense signal at
the test tone frequency until the amplified sense signal
returns above the predetermined threshold.

18. The automated system of claim 17, wherein the
processor saves the gain at which the amplified sense signal
returns above the predetermined threshold 1n memory.

19. The automated system of claim 16, further configured
to monitor a change 1n the sense signal 1n at least a second
frequency band separate from the first frequency band and
the test frequency.
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20. The automated system of claim 19, wherein the first
frequency band comprises frequencies between 120 Hz and
160 Hz, the second frequency band comprises frequencies
between 0 and 100 Hz, and the test tone frequency 1is
approximately 105 Hz. 5
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